Vitamin A (retinol) and its active derivatives (retinoic acids) are essential for growth and development of the mammalian fetus. Maternally derived retinol must pass the placenta to reach the developing fetus. Despite its apparent importance, little is known concerning placental transfer and metabolism of retinol, and particularly of placental production and storage of retinyl esters. To elucidate this metabolic pathway, we incubated, in the presence of retinol, 1) human full-term placental explants and 2) primary cultures of major cells types contributing to placental function: trophoblasts and villous mesenchymal fibroblasts. We used HPLC to determine the types and concentrations of retinyl esters produced by these explants and cells. About 14% of total cellular retinol in placental explants was esterified. The most abundant esters were myristate and palmitate. Primary cell cultures showed that fibroblasts efficiently produced retinyl esters, but trophoblasts did not. In both types of experiments, no retinyl esters were detected in the culture medium, suggesting that retinyl esters were produced for storage purpose. These results suggest that villous mesenchymal fibroblasts are primary sites of retinol esterification and storage in the placenta. In addition to their essential roles in vision, growth, and maintenance of differentiated epithelia, vitamin A (retinol) and its active derivatives, the RAs, are required for normal mammalian reproduction and fetal development (1, 2). Maternal vitamin A deficiency can result in fetal death or in a spectrum of malformations, the fetal vitamin A deficiency syndrome (3-6). Excessive vitamin A intake can also produce a spectrum of congenital defects, in a dose-and developmental stagedependent manner (7, 8) . Because there is no de novo fetal synthesis of retinol, the developing mammalian embryo is dependent on the maternal circulation for its vitamin A intake. The presence of measurable hepatic vitamin A stored at birth is indicative of the functionality and importance of placental transport during pregnancy (9, 10). Abnormalities of placental transfer could have serious consequences on fetal development and integrity.
In addition to their essential roles in vision, growth, and maintenance of differentiated epithelia, vitamin A (retinol) and its active derivatives, the RAs, are required for normal mammalian reproduction and fetal development (1, 2) . Maternal vitamin A deficiency can result in fetal death or in a spectrum of malformations, the fetal vitamin A deficiency syndrome (3) (4) (5) (6) . Excessive vitamin A intake can also produce a spectrum of congenital defects, in a dose-and developmental stagedependent manner (7, 8) . Because there is no de novo fetal synthesis of retinol, the developing mammalian embryo is dependent on the maternal circulation for its vitamin A intake. The presence of measurable hepatic vitamin A stored at birth is indicative of the functionality and importance of placental transport during pregnancy (9, 10) . Abnormalities of placental transfer could have serious consequences on fetal development and integrity.
Despite its apparent importance, little is known about placental transfer and metabolism of retinoids. This question has been approached in animal models (sheep, mouse, monkey), but the placental metabolism of retinoids is difficult to deduce from studies in the intact animal, and extrapolation of these results to humans is uncertain (11) (12) (13) . Measurements of human placental, maternal, and cord retinoid concentrations have been reported, but they shed little light on the metabolic pathway (14, 15) . Experiments using human perfused placenta and full-term human placental tissues in vitro have yielded controversial results concerning retinoid metabolism, especially the ability of the placenta to produce and store retinyl esters from retinol (16, 17) .
To better characterize retinoid metabolism, we have investigated placental capacity to esterify retinol into retinyl esters of full-term placental explants. Primary cultures of the major types of cells contributing to the placenta (trophoblasts and and human purified RBP were purchased from Sigma Chemical Co.-Aldrich (L'isle d'Abeau, Chesnes, France). HBSS, DMEM, RPMI 1640, glutamine, penicillin/streptomycin, and FCS were purchased from Life Technologies (Cergy, France). For all experiments, retinol was prepared as 1000ϫ stock solution in ethanol. The maximal ethanol concentration to which the cells and tissues were exposed was 0.1%. Retinol-RBP complex was prepared and purified as previously described (18) .
Placentas. Nine placentas from normal pregnancies were collected in the Department of Obstetrics and Gynecology at the Maternity of Hôtel-Dieu Hospital (Clermont-Ferrand, France). All the mothers gave their written informed consent before participation in accordance with the ethical principles expressed in the Declaration of Helsinki regarding human experimentation. The local Institutional Review Board has approved all the human studies. Term placentas of clinically normal pregnancies were obtained after delivery by cesarean section (placentas from vaginal deliveries were excluded to reduce risks of potential infections and tissue degradation). They were immediately collected and used within 15 to 30 min. Characteristics of the pregnant women and their babies are presented in Table 1 . All the babies were healthy, and their morphometry scores were in the standard range for French babies (19) . Growth, development, and postpartum changes were normal for all mothers and babies based on a medical examination that occurred in the 7 d after delivery.
Explant tissue incubation. Placental tissue (chorionic villus) was minced (1 to 2 mm 3 ) and washed three times in sterile cold HBSS before incubation. Explants were immersed in Falcon flasks containing 50 mL of DMEM supplemented with 20 mM glutamine, 10 U/mL penicillin, 100 g/mL streptomycin, and 10% FCS (16). Retinol (free or bound to RBP) was added at a final concentration of 2 M. When retinol was added free and diluted in ethanol, the maximal ethanol concentration to which the explants were exposed was Ͻ0.1%. As a negative control, explants were incubated only with vehicle (ethanol). Incubations were performed at 37°C in a humidified incubator with 5% CO 2 /95% air at 37°C. Incubations were terminated by washing the placental explants twice with cold PBS. All tissue samples were blotted dry and stored under nitrogen at Ϫ70°C until further processing.
Primary placental fibroblast purification and incubation. Villous fibroblasts from placental mesenchyme were obtained using the modified method of Schwab et al. (20) . Briefly, chorionic villi were washed with sterile cold HBSS. The tissue was coarsely minced and digested in 2 mL of 0.25% trypsin in HBSS without calcium and magnesium for 45 min at 37°C. The first digest product was transferred and incubated for 1 h at 37°C in a second medium (0.1% trypsin and 0.1% collagenase H in HBSS without calcium and magnesium). This digest was centrifuged at 4000 rpm, and the supernatant was discarded. The pellet was resuspended in 6 mL of RPMI 1640 containing 20 mM glutamine, 10 U/mL penicillin, 100 g/mL streptomycin, and 10% FCS. Purity of isolated fibroblasts was examined by morphologic and immunologic (cytoplasmic vimentin-positive immunoreactivity) characteristics (21, 22) . Fibroblasts at 50 to 60% confluence were incubated with 2 M retinol (free or bound to RBP). When retinol was added free and diluted in ethanol, the maximal ethanol concentration to which the fibroblasts were exposed was Ͻ0.1%. As a negative control, fibroblasts were incubated with vehicle (ethanol). Primary purified cutaneous (skin) and MRC5 (pulmonary embryonic fibroblast cell line) fibroblasts were also cultured and incubated in RPMI 1640 as above. All the cultures and incubations were performed in a humidified incubator with 5% CO 2 /95% air at 37°C.
Purification, differentiation, and incubation of primary cytotrophoblasts. Cytotrophoblasts were obtained by using the modified method of Kliman et al. (23) . Villous tissue was dissected free of membranes and vessels. They were minced in cold sterile HBSS and subjected to repeated trypsin-DNase digestions as described (23) . The resulting cell suspension was carefully layered over a discontinuous Percoll gradient (5 to 70%) and centrifuged (20 min, 1500 rpm). The homogeneous population of mononuclear cells, contained in the middle layer (density 1.048 -1.062 g/L) consisted of Ͼ95% cytotrophoblast cells. For primary culture, the cells were plated in 90-mm Petri culture dishes (5 ϫ 10 6 cells per dish) with DMEM supplemented with 20 mM glutamine, 10 U/mL penicillin, 100 g/mL streptomycin, and 10% FCS. Cultures and retinol incubations were always performed in humidified 5% CO 2 /95% air incubator at 37°C (as described for fibroblasts). Purity of primary cytotrophoblasts was verified by morphologic and immunologic characteristics [cytokeratin-and human placental lactogen-positive immunoreactivity (23) (24) (25) ]. Differentiation of cytotrophoblasts into syncytiotrophoblasts was monitored by measuring chorionic gonadotrophic hormone in the culture medium by immunochemiluminescent assay (ACS 180, Ciba Corning). Retinol and ethanol incubations were performed as described above. Age of mothers, term of gestation, anthropometric data of the babies (weight at birth, percentile of weight, length, head circumference, thoracic circumference), and weight of placenta are indicated by means Ϯ SD. All the data were collected during the last required antenatal medical examination for mothers (8th month) and immediately after birth for the babies. Chromatographic analysis. Tissues and cells were harvested in cold PBS. The cells were collected by scraping, resuspended in PBS, and sonicated on ice. All-trans retinol and retinyl esters were assayed from 1g of placental tissue, 5 ϫ 10 6 cells, or 0.5 mL of culture medium, as previously described with some minor modifications (26, 27 ). An equal volume of ethanol containing an internal standard (retinyl laurate for vitamin A) was added to each sample. They were then extracted twice with 2 volumes of hexane. After evaporation to dryness, the extract was dissolved in 250 L of a mixture of dichloromethane-methanol (35:65; vol/vol). The compounds were analyzed by reverse-phase HPLC on a Waters apparatus equipped with a 600 pump, a 710 automatic injector, a 996 diode array detector and controlled by Millenium software 2.1. For retinol and retinyl ester determinations, the samples were eluted on a C18 column (Nucleosil, 250 ϫ 4.6 mm) with pure methanol as the mobile phase (2 mL/min); the detection was performed at 325 nm and 292 nm. Identification was based on co-elution with authentic standards and UV spectrum comparisons. Quantification involved internal standardization and dose-response curves established with authentic standards.
DNA and protein concentration determinations. In all the studies, retinoid concentration assays were normalized to DNA or protein concentrations. DNA concentration was measured by a spectrofluorometric method described previously by Labarca and Paigen (28) . Protein concentrations of the cellular homogenates were determined using the Biuret method on the Hitachi 911 from Boehringer Mannheim Diagnostics (29) . Similar results were obtained when retinoid concentrations were normalized to DNA content or protein concentration; we chose to express our results normalized to DNA content for all the cell culture experiments.
Statistical analysis. All experiments were repeated on nine placental explants or primary cell cultures. Mean values and SD were calculated for all retinoid variables. Statistical comparisons were performed using ANOVA and Fisher's exact test. Statistical procedures were performed with the StatView program (Abacus Concepts, Inc., Berkeley, CA, U.S.A.). For all the studies, statistical significance was considered at p Ͻ 0.05.
RESULTS
Retinyl ester production in placental explants. As vitamin A is usually esterified within tissues, the production of vitamin A esters in full-term placental explants was investigated. To explore retinyl ester production, retinol was added directly to the medium or bound to its blood carrier protein, RBP. During all the tissue or cell incubations, we checked the stability of the in vitro-generated RBP-retinol complex and the absence of nonspecific release of retinol from this complex (data not shown). Table 2 shows the concentrations of retinol and retinyl fatty acyl esters in placental extracts obtained 6 and 24 h after incubation with retinol (free or bound to RBP). We found that maximal esterification of free retinol was already achieved after 6 h of incubation (14.3% of the total cellular retinol esterified). In contrast, a quantitative increase of cellular retinyl esters was observed between 6 (10.2%) and 24 h (14.9%) of incubation with retinol bound to RBP. However, at the end of incubation (24 h), no statistical difference could be observed between the percentage of retinyl esters produced by retinol free of and bound to RBP. The values obtained in these experiments are comparable to those obtained in previous studies (30) .
HPLC was able to distinguish between retinyl myristate, palmitate, and stearate concentrations (26, 27) . Only retinyl myristate was present at significant levels before retinol incubation ( Table 2 ). After retinol incubation bound or unbound to RBP, the most abundant esters, in decreasing order of abundance, were myristate, palmitate, and stearate. Retinyl esters were not detected in the culture medium, suggesting an absence of release of retinyl esters formed in situ. To elucidate which cells are involved in placental esterification of retinol, we studied this biochemical reaction in primary cultures of the different cell types constitutive of the human placenta.
Esterification of retinol by primary placental fibroblasts in culture. Figure 1 shows the intracellular concentrations of retinol and retinyl fatty acyl esters in primary fibroblast cultures collected from 3 to 24 h after incubation with retinol (free or bound to RBP), or with ethanol as a control. As presented in Figure 1A , free retinol added to the culture medium is rapidly taken up by fibroblasts, and little change in cellular retinol content is observed after 3 h. The uptake of retinol bound to RBP occurs more slowly (but linearly) than when retinol was added directly to the culture medium of mesenchymal fibroblasts. The time course of retinol esterification is presented in Figure 1B . As previously described for human skin fibroblasts (31, 32) , primary human placental fibroblasts are able to esterify retinol. Conversion of free retinol into retinyl esters is rapid: at the earliest sampling time (3 h), significant production of retinyl palmitate was observed. The accumulated amount of retinyl esters increased steadily to reach a maximum of about 10.8% of total cellular retinol at 24 h of incubation time with free retinol. Retinyl palmitate was always the major ester produced for all times of incubation with free retinol (Fig. 1B) . No significant ester production was detected with ethanol incubation (Fig. 1B) . Retinol delivered via RBP was also converted to retinyl esters; but more slowly than after incubation with free retinol: no significant increase of retinyl esters (2.1%) was detected at 3 h in contrast to 3 h of free retinol incubation (3.7%). At the end of incubation (24 h), the percentage of retinol converted into retinyl esters (10,8%) was the same whether the retinol was added directly to the medium or bound to RBP. In conclusion, although amounts of retinol taken up and converted into retinyl esters by fibroblasts are different depending on whether it is delivered free or bound to RBP, we could not find any differences in the relative percentage and profile of retinyl esters formed. Experiments using primary cutaneous and MRC5 (pulmonary embryonic fibroblast cell line) fibroblasts gave similar results for the rate of free retinol esterification (Table 3 ). This suggests that the ability of placental fibroblasts to esterify retinol is not tissuespecific but rather reflects an intrinsic and ubiquitous property of human fibroblasts. 
SAPIN ET AL.
Absence of esterification by primary cytotrophoblasts and syncytiotrophoblasts in culture. It is well established that cytotrophoblasts and syncytiotrophoblasts are the cells involved in the transfer of a large number of nutrients from the mother to the fetus and their metabolism. Therefore, we studied the ability of these cells to esterify retinol free and bound to RBP. In all the experiments, the initial cellular material was found to contain retinyl myristate. As presented in Figure 2A , the uptake of retinol bound to RBP occurs more slowly than when retinol was added directly to the culture medium of trophoblastic cells. Note that decrease of intracellular retinol levels between 6 and 24 h was found in both types of retinol incubation. Figure 2B shows that retinol incubation did not lead to a significant retinyl myristate production, but was associated with a weak (but significant) esterification of retinol into retinyl palmitate by trophoblasts. Stearate was never detected at any step of the incubation. We could not find any differences in the relative percentage and profile of retinyl esters formed between incubation with retinol free or bound to RBP (Fig. 2B) . Cytotrophoblasts are known to differentiate into syncytiotrophoblasts during normal culture (19) . We performed 24-h retinol incubation after various times of trophoblastic cell culture (24, 48 , and 72 h), which correspond respectively to the cytotrophoblast, intermediary, and syncytiotrophoblast stages. Similar retinoid profiles were obtained at all these steps (data not shown).
The total retinyl esters found after 24 h of retinol incubation in placental fibroblasts and trophoblastic cells is 51.8 and 8.7 mol/g of DNA, respectively. A 14.6-fold and 1.4-fold (not significant) increase in total retinyl esters during 24 h of retinol incubation was found in fibroblasts and trophoblasts, respectively, implying that the placental cells responsible for retinol esterification are fibroblasts.
DISCUSSION
Vitamin A and its active derivatives, the retinoids, are fundamental for development of the mammalian fetus (2, 6, 10) . The placenta plays a crucial role in regulation of transport and metabolism of maternal nutrients transferred to the fetus. Abnormalities in these placental functions can have deleterious consequences on fetal development (8, 33) . Little is known about human placental retinol transfer and metabolism. Creech-Kraft et al. (34) demonstrated that even 96 h after administration of 13-cis RA, all-trans RA and 4-oxo metabolites are still found in the early human placenta. More recently, co-oxidation of all-trans retinyl acetate by lipoxygenase has been demonstrated in the human placenta (35) . All these results indicate that the human placenta has the ability to isomerize and oxidize retinoids.
Our study demonstrates that human placental tissues at term and, more precisely, the villous mesenchymal fibroblasts, are able to esterify retinol. Human primary cutaneous fibroblasts are known to have this ability and to express the intracellular proteins (cellular RBP-1) and the necessary metabolic enzymes (32, 36) that allow this function. A recent study demonstrated the presence of cellular RBP-1 in villous mesenchymal cells of the human placenta (37) . Added to our results, this implies that maternal retinol could be trapped by the mesenchymal fibroblasts and esterified in situ. Note that our preliminary results suggest the presence of one or both retinol esterifying enzymes, the lecithin retinol acyl transferase in these placental cells.
However, cytotrophoblasts or syncytiotrophoblasts express the putative placental RBP receptor (37) and are unable to esterify retinol in a significant manner. This study suggests that these trophoblastic cells are more involved in the transfer of retinol between mother and fetus, rather than in its metabolism. The retinyl esters that we detected after cytotrophoblast purification are probably related to the capture of maternal chylomicrons charged with newly digested retinyl esters (38) . It has been established that trophoblastic cells express the receptors for LDL and VLDL lipoproteins (39, 40) and are able to take up and use lipoproteins (41) . Furthermore, considering the life span (96 h) and the perpetual regeneration of the trophoblasts, stocks of retinyl esters have to be located in villous mesenchymal cells (fibroblasts) to be protected from a rapid and nonspecific hydrolysis and liberation.
We report here that the rate of esterification of retinol by mesenchymal fibroblasts and the types of retinyl esters synthesized are the same whether retinol is delivered free or bound to RBP. This agrees with other previous results observed for rat liver parenchymal cells (42) or human foreskin keratinocytes (43) , suggesting an absence of cell surface RBP receptors on Recently, an immunohistologic study showed that staining for the RBP receptor protein was only observed in the apical part of the villous syncytiotrophoblast and in the placental macrophages (Hofbauer cells) (37) . Because of the closed cellular contact between trophoblasts and fibroblasts in term placental villi, we propose that maternal retinol complexed with RBP could be captured by trophoblasts, then freely transferred to fibroblasts.
A discrepancy is observed between the esterification profiles obtained on tissue and cell culture experiments. In explants, 
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retinyl myristate is the major ester formed, whereas in fibroblast cultures, an equilibrium between retinyl myristate and palmitate occurs. It has already been well demonstrated that vitamin A metabolism (especially retinyl ester production, storage, and hydrolysis) may be affected by the characteristics of the surrounding extracellular matrix, by soluble cytokine mediators (44) , and by growth factors (epidermal growth factor) specific to placental tissue. In the primary isolated cell cultures, absence of such a complex placental environment could contribute to the differences observed in the profile and rate of retinyl ester production.
What is the function of retinyl esters in placenta? The fact that these compounds were never detected in our experimental conditions (i.e. without stimulus) in the culture medium suggests that retinyl esters are produced for storage. In agreement with this observation, retinyl esters also were never detected in human umbilical blood at delivery (15) . It is well accepted that the placenta could be considered as a transitory, primitive functional liver during the first stages of development. During this period, the placenta stores retinol, waiting for liver maturity and functionality marked by the capacity to secrete RBP. In our study, the capacity of the human placenta at term to esterify retinol could be residual activity otherwise strongly present during early embryonic and fetal development.
This hypothesis is supported by results concerning the switch in retinoid content of embryonic and placental compartments during the development of the mouse conceptus (9) . During early organogenesis, the retinyl ester content of the placenta is nearly 8-fold higher than the content of the embryo, whereas at the end of gestation, the retinyl ester content of embryo is nearly 4-fold greater than that of the placenta. The timing of this crossover correlates with the apparent onset of retinol storage by the embryonic liver.
According to its capacity to rapidly store retinyl esters, the placenta could be considered as an efficient buffer to control retinol delivery between mother and fetus by 1) releasing retinol to the fetus when maternal intake is deficient, and 2) protecting the embryo from a potential excess of maternal retinol. Even if maternal retinoid concentrations were abnormally fluctuant, the placenta could prevent strong variability in quantity and quality of retinoids delivered to the fetus. By this mechanism, the placenta could play a preventive role against retinoid teratogenicity. This role is probably limited to physiologic retinol variations, and overwhelmed by medical or dietary maternal ingestion of retinoids responsible for fetal teratogenicity resulting from hypervitaminosis A. In addition, placental retinyl stores could be considered as a local reserve for placental use. Transformation of retinyl esters into active retinol derivatives (RAs) could be a simple way to regulate in situ cellular proliferation and differentiation. But to our knowledge, this retinoid metabolism has only been described in mouse and porcine placenta (45) . During human pregnancy, maternal exposure to substances able to alter placental retinoid metabolism could provide a novel, additional explanation for fetal teratogenic pathology.
